Background Highly crosslinked ultrahigh-molecularweight polyethylene (XLPE) has been shown to reduce wear in hip arthroplasty, but the advantages over conventional polyethylene (PE) in total knee arthroplasty (TKA), if any, remain unclear. Questions/purposes Do differences exist in (1) surface damage as measured by damage score and percent area affected; and (2) extent and location of dimensional changes between XLPE and conventional PE observed on retrieved TKA tibial inserts?
Methods In this study of components retrieved at the time of revision surgery, we matched 44 XLPE to 44 conventional PE inserts from four manufacturers; the matching approach considered implant design (exact match), insert size (exact match), and length of implantation (matched ± 6 months). Surface damage on the articular surfaces was subjectively graded and digitally mapped to determine the percent damaged area of each damage mode. Three-dimensional changes that had occurred as a result of implantation were determined by comparing laser scans of the retrieved inserts with size-matched pristine inserts. Results The differences of damage scores and percent damaged areas between the matched XLPE and conventional PE inserts were not large enough to be clinically significant with low corresponding levels of statistical significance (scores: 42 ± 13; 95% confidence interval [CI], 38-46 versus 45 ± 13; 95% CI, 41-49; p = 0.4; percent areas: 54% ± 38%; 95% CI, 44%-64% versus 54% ± 32%; 95% CI, 42%-65%; p = 0.9). However, XLPE inserts showed greater articular surface dimensional changes with high significance (root mean square of the distance: 0.16 ± 0.06 mm; 95% CI, 0.13-0.18 mm versus 0.14 ± 0.05 mm; 95% CI, 0.11-0.16 mm; p = 0.03). Within the same design, deviation patterns were consistent between the two materials; however, as expected, the location of the dimensional changes differed among designs: the negative deviations on the plateaus were centrally located in Zimmer PS inserts, were located on the perimeter in Smith & Nephew PS inserts, and were across the entire surface in DePuy PS inserts.
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Conclusions We found no difference in surface damage between matched XLPE and conventional PE inserts of the same designs. However, increased dimensional changes in TKAs with XLPE may reflect larger contact areas and potentially explain improved performance of XLPE in published simulator studies. Clinical Relevance The lack of meaningful differences between the two polyethylene materials suggests caution in adopting a new, more expensive bearing material over another material that has a long track record of excellent behavior. A possible advantage is the greater dimensional changes, which could be the result of the lower creep resistance of XLPE, but this advantage awaits long-term results.
Introduction
Highly crosslinked ultrahigh-molecular-weight polyethylene (XLPE) has demonstrated superior wear performance compared with conventional polyethylene (PE) in THA with followup studies beyond 10 years showing few or no patients with osteolysis [5, 6, 10, 21, 24, 26, 32] . XLPE was more recently introduced into TKA after in vitro knee simulator findings of lower wear rates compared with those found with conventional PE [12, 22, 33, 34] . Thus far, however, the clinical benefit of XLPE remains unclear. For example, the Kaiser Implant Registry [16] with 62,177 primary TKAs at followups of 1 to 5 years showed no difference in revision surgery between XLPE and conventional PE bearing surfaces. In contrast, the 2014 Annual Report of the Australian Orthopaedic Association National Joint Replacement Registry [1] found primary TKAs with XLPE had a lower rate of revision than those with conventional PE, although this result was confounded by the much smaller amount of XLPE in use and variations in implant design.
Additional concerns exist for the use of XLPE in TKA. The larger stresses and more complex stress distributions in tibial TKA PE components compared with PE acetabular components in THA [3, 4] must be considered in light of the alterations in material properties caused by the crosslinking process [2, 29] . For example, the reduced fracture toughness in XLPE is a cause for concern in tibial post fractures in posterior-stabilized TKAs [30] . Evaluation of surface damage and oxidative properties of retrieved XLPE TKA tibial components from revision surgeries showed little improvement with the use of XLPE [20, 27] . The first retrieval analysis of XLPE tibial inserts used an optical grading method to analyze surface damage and found no differences between eight XLPE tibial inserts and 71 conventional PE inserts [23] . However, a major limitation of these retrieval studies is the lack of controlled conditions across study groups. Implant design and length of implantation are important variables that may bias a comparison of the benefit of XLPE and conventional PE tibial components based on materials alone. Also, none of the investigations on XLPE damage were done in three dimensions, and differences in damage patterns between materials were not examined.
Therefore, we designed a matched-pair analysis of components retrieved at revision surgery and used the techniques of damage scoring, damage mapping, and threedimensional (3-D) laser scanning to ask the following questions: (1) is XLPE more damage-resistant than conventional PE inserts in TKA based on damage score and percent area affected; and (2) does XLPE differ in extent and location of dimensional changes as measured with 3-D laser scanning compared with conventional PE?
Patients and Methods
In this study of components retrieved at the time of revision surgery, we matched 44 knees with XLPE tibial inserts to 44 knees with conventional PE inserts using the following matching conditions: implant design (exact match of 39 posterior-stabilized, three cruciate-retaining, and two constrained condylar), insert size (exact match), and length of implantation (LOI, matched ± 6 months). There were four pairs of DePuy ( inserts. The resins, sterilization modalities, crosslinking modalities, and postirradiation processes for the XLPE and conventional PE inserts differed among the implants (Tables 1, 2). Demographic and clinical data were collected from medical records. No differences were found in the reasons for revision between the two polyethylene materials ( Table 3 ). No differences existed in body mass index (BMI), age, or sex between the patients whose components were paired (Table 4 ). Implants were matched on insert size, but not insert thickness; nonetheless, no difference was found between the thicknesses of the XLPE (12 ± 4 mm; range, 8-25 mm) and conventional PE (11 ± 2 mm; range, 9-20 mm) inserts (p = 0.19).
For 29 pairs (four pairs of DePuy, 10 pairs of Smith & Nephew, and 15 pairs of Zimmer TKAs), pristine, neverimplanted TKA conventional PE tibial inserts were available in our laboratory to match the designs and sizes of the retrievals. Funding for the study did not permit the purchase of matching pristine inserts for the additional 15 pairs.
Visual Assessment of Damage
The articular surfaces of the inserts were divided into 15 regions for a posterior-stabilized or constrained condylar design and into 10 regions for a cruciate-retaining design (Fig. 1) . Burnishing, pitting, scratching, delamination, surface deformation, abrasion, and third-body debris were subjectively graded on a scale of 0 to 3 to reflect the extent and severity of each damage mode [15] . The maximum total damage score was 315 for a posterior-stabilized insert surface and 210 for a cruciate-retaining insert surface. Two independent observers (TL, CE) visually assessed damage on the articular surfaces in each region using a light stereomicroscope (910-932 magnification). If the difference in total damage scores summed across all regions was [10 points between the two graders, then a third observer (ME) scored the insert as well (this occurred in 10 [11%] of the 88 inserts). Articular surface damage maps of the medial and lateral plateaus were created to calculate the percent area affected by each damage mode. The superior surface of each insert was digitally photographed using a Keyence microscope (Keyence Corp, Osaka, Japan) using the high-dynamic range mode. The damage modes that had been identified using the light stereomicroscope were then manually replicated onto the digital photos using Photoshop CS2 software (Adobe Systems, San Jose, CA, USA). Each damage mode was drawn as an individual layer, and the coverage area of each layer was subsequently analyzed using ImageJ (NIH, Bethesda, MD, USA).
Measuring Surface Dimensional Change
Changes to the dimensions of the articular surfaces of the retrieved implants were estimated by direct comparison to the corresponding pristine (never implanted) inserts. The 29 pairs of retrieved inserts with conventional PE pristine implants available were all scanned using a desktop 3-D laser scanner (Range 7; Konica Minolta, Inc, Tokyo, Japan; accuracy = 40 lm). Aerosol talc was used to coat the inserts. Sixteen scans of different views of each insert were taken to obtain the entire surface. Eight of the scans were taken with the surface of insert at an inclination of 45°f rom the scanner beam ( Fig. 2A) , and another eight were taken at 135°from the beam (Fig. 2B ). All scans were taken at every 45°of revolution.
The resulting point clouds from the scans of each insert were aligned and combined using Geomagic Studio software (Version 12; Morrisville, NC, USA) to convert the scans into a single 3-D polygon model. The 3-D models of the size-matched pristine inserts were obtained using the same procedure. The 3-D reconstruction of a retrieved insert was aligned in Geomagic to the size-matched 3-D reconstruction of the corresponding pristine insert. The alignments were according to the backside surfaces of both inserts and the surrounding noncontact surfaces around the post for posterior-stabilized designs. For cruciate-retaining designs, we used the backside and noncontact articular surfaces. These noncontact surfaces were used for alignment to reduce error from backside wear in the retrieved tibial inserts and from manufacturing tolerances in insert thicknesses. Once the reconstructions were aligned, the average distance, or ''deviation,'' between the surfaces of the retrieved and pristine inserts was measured between closest point pairs in the two point clouds. This approach Data are presented as mean ± SD; comparisons were made using paired Student's t-tests for continuous variables and chi square tests for categorical variables; PE = polyethylene; XLPE = highly crosslinked ultrahigh-molecular-weight polyethylene; N/A = not applicable. was reported previously to demonstrate the extent of dimensional change in tibial insert surfaces [31] . The word ''deviation'' was used because we do not know if the differences were the result of removal of the material, deformation, or a combination of the two. However, in the deviation calculation, positive and negative values can be neutralized. Therefore, we also applied the root mean square of the distance (RMSd) between retrieval and pristine point clouds as a reliable indicator of the variability when applied on a surface with obvious dimensional changes:
where d is the distance between each of the n pairs of closest points between the two articular surfaces. The volume difference between the articular surfaces of the plateaus of the retrieved and pristine inserts was also calculated based on a fixed reference plane (the backside plane of the pristine insert). If the articular surface of the retrieved component was above the pristine insert surface (which may be found if the PE were to swell or to be pushed up at the edges of the contact area), the volume value was positive, and if it was below, the volume value was negative (as a result of wear and/or deformation).
Statistical Analysis
For matching XLPE and conventional PE retrievals, patient BMI and age at revision were compared using a paired Student's t-test, and the sex of the patients was compared using a chi-square test. A Wilcoxon signed-rank test was used to compare the differences in the thicknesses between the XLPE and conventional PE inserts. Polyethylene damage scores and the percent damaged areas of XLPE and conventional PE inserts were compared using a paired t-test for parametric data (the burnishing, scratching, pitting, and total damage scores; the percent area of burnishing in the damage maps) and a Wilcoxon signed-rank test for nonparametric data (the deformation, third-body debris, and abrasion damage scores as well as the scores for each damage mode in the post area; the percent area of pitting, scratching, deformation, embedded third-body debris, and abrasion in the damage maps). Differences in the average distance and RMSd between the two materials were also calculated with a Wilcoxon signed-rank test because the data were nonparametric. The level of statistical significance corresponding to the observed differences in volume change of the bearing surfaces was calculated with a paired t-test. Analyses were done to determine the strength of the correlations between demographic data (age, BMI, LOI) and the damage scores, percent damaged areas, and the volume changes of the bearing surfaces. Pearson's coefficient and Spearman's rank order coefficients were applied depending on the distribution of the data.
Results
The differences between the damage scores for the matched XLPE and conventional PE inserts were not large enough to be clinically significant with a low corresponding level of statistical significance for all of the total combined score for all the damage modes (42 ± 13; 95% CI, 38-46 for XLPE versus 45 ± 13; 95% CI, 41-49 for conventional PE; p = 0.4) except for third-body debris, which was more prevalent in conventional PE inserts (0.1 ± 0.4; 95% CI, 0-0.3 versus 0.4 ± 0.7; 95% CI, 0.2-0.6; p = 0.04; Table 5 ). The average total damage scores for XLPE and conventional PE inserts within each manufacturer were 34 ± 25 (range, 10-69) and 51 ± 19 (range, 28-78; p = 0.2) for DePuy, 48 ± 11 (95% CI, 26-66) and 44 ± 10 (95% CI, 17-58; p = 0.5) for Smith & Nephew, 40 ± 9 (range, 33-53) and 45 ± 22 (range, 28-78; p = 0.7) for Stryker, and 41 ± 12 (95% CI, 31-60) and 44 ± 12 (95% CI, 28-71; p = 0.3) for Zimmer, respectively. Delamination was not observed in any of the inserts. No cracks were visible on any of the posts in the posteriorstabilized knees. No relationship was found between damage scores and LOI for inserts made of either type of PE. The differences in the percent of the area of the articular surfaces that was damaged were not large enough to be clinically significant between the XLPE and conventional PE insert pairs for any of the damage modes with a low corresponding level of statistical significance Fig. 2A-B Each insert was scanned 16 times to obtain the entire surface. Eight scans were taken with the surface of the insert inclined 45°to the scanner beam (A), and another eight scans were taken at 135°from the beam (B). The rotating platform turned 45°clockwise after each scan to achieve the total geometry of each insert.
(54% ± 38%; 95% CI, 44%-64% versus 54% ± 32%; 95% CI, 42%-65%; p = 0.9; Table 6 ). In more than half of the inserts, burnishing was visible in the same areas where negative volume changes occurred in the corresponding 3-D deviation maps (Fig. 3) .
The differences in mean distances and volume changes between XLPE and conventional PE inserts were not large enough to be clinically significant with low corresponding levels of statistical significance (mean distance: 0.13 ± 0.05 mm; 95% CI, 0.11-0.15 mm versus 0.11 ± 0.04 mm; 95% CI, 0.10-0.13 mm; p = 0.15; volume change: À207 ± 84 mm 3 ; 95% CI, À175 to 239 mm 3 versus À187 ± 91 mm 3 ; 95% CI, À152 to 221 mm 3 ; p = 0.18). The RMSd in the XLPE insert group was greater than in the conventional PE group (0.16 ± 0.06 mm; 95% CI, 0.13-0.18 mm versus 0.14 ± 0.05 mm; 95% CI, 0.11-0.16 mm; p = 0.03; Fig. 4 ). Linear correlations were demonstrated between LOI and the volume differences in both XLPE and conventional PE inserts (Fig. 5) .
The locations of the dimensional changes on the articular surfaces were consistent within designs; however, the location of dimensional changes varied among designs: retrieved Zimmer posterior-stabilized inserts had negative deviations centrally located on the plateaus, Smith & Nephew posterior-stabilized inserts had negative deviations located on the perimeter of the plateaus, and DePuy posterior-stabilized inserts had negative deviations on the entire surface of the plateaus (Fig. 6 ).
Discussion
The wear resistance of ultrahigh-molecular-weight PE can be increased by introducing crosslinking into the molecular architecture [28] . The improvement in wear performance in XLPE tibial inserts is supported by wear simulator experiments [12, 22, 33, 34] , but evidence of in vivo success is required for a comprehensive assessment. In our study, retrieval analysis was used to compare the accumulation of damage in vivo of conventional and highly crosslinked PE tibial plateaus. We combined damage scoring, a wellestablished method for comparing the amount of accumulated damage in retrieved PE implants [15] , with damage mapping [8] and 3-D laser scanning [24] to evaluate surface damage and dimensional change of retrieved tibial inserts. Damage mapping allowed us to measure the area percent and evaluate the distribution of each damage mode on the articular surface of the inserts, whereas 3-D laser scanning measured the depth of penetration (deformation plus wear) into the articular surface. Together these modalities allowed us to address our research questions of damage resistance and extent and location of dimensional changes in XLPE inserts versus conventional PE inserts after relatively short in vivo periods. Data are presented as mean ± SD; comparisons were made using paired Student's t-tests or Wilcoxon signed-rank tests; XLPE = highly crosslinked ultrahigh-molecular-weight polyethylene; PE = polyethylene. Limitations in our study must be considered. Inherent limitations of any retrieval study are that such studies are retrospective for which certain variables such as reason for revision cannot be controlled and that the cohort includes implants that by definition have failed and thus may not reflect well-functioning devices. However, we were able to use a large series of retrievals to match the manufacturer, implant design, and LOI, and in the current study, the differences between materials in revision indications did not reach statistical significance (Table 3 ). Another limitation is the short LOI (an average of 15 months) for the studied inserts. Future retrieval studies will need to see whether the no-difference findings in our report remain as such or whether indeed differences in surface damage between XLPE and conventional PE develop over time. A third limitation was the scanning of pristine inserts to determine the deviations in the retrieved inserts. We assumed the pristine conventional PE inserts had the same original surface geometries that our retrieved XLPE and conventional PE implants had before implantation. However, the manufacturing tolerances of the pristine and retrieved implants could have been large enough to influence our results. However, this limitation was unavoidable, because the original dimensions of the retrieved implants were unavailable. As a final limitation, the size-matched pristine implants in our study were conventional PE, and we only had 29 of 44 pairs available for analysis. However, based on our 3-D scanning data, similar colorimetric maps were seen on the articular surfaces in both XLPE and conventional PE inserts. Therefore, we believe it acceptable to use conventional PE inserts in investigating the dimensional changes of the same design XLPE implants.
We found no short-term improvement in surface damage resistance with the use of XLPE in TKA tibial inserts. Burnishing, pitting, and scratching were the primary damage modes in both groups. Irradiation-induced crosslinking and postirradiation thermal treatments can lead to the reduction of fatigue resistance in XLPE [2, 14, 25, 29] . Therefore, we expected higher scores for fatigue-related damage modes (pitting, abrasion, and delamination) with XLPE inserts. However, the severity and extent of the pitting and abrasion were not different between the materials, and no delamination was found in any of the inserts. Although we found an increase in third-body debris for conventional PE inserts, this finding is likely to be clinically unimportant because the scores for both XLPE and conventional PE were so small (0.1 versus 0.4, respectively).
We found greater dimensional change in XLPE inserts when considering the average depth distance (RMSd) between retrieved and pristine point clouds of the articular surfaces (p = 0.03; Fig. 4 ). A similar trend was found with larger burnished areas on the XLPE surfaces, but the differences were small (p = 0.8; Table 6 ). This might be the result of the differences between damage mapping (a twodimensional measurement) and laser scanning (a 3-D measurement). Interestingly, the negative 3-D dimensional changes correlated with the burnished areas in damage mapping for more than half of our subjects (Fig. 3) . The burnished contact surface is dependent on a patient's unique kinematics, the design characteristics of the TKA (for example, the conformity of the articular surface), and the PE properties. So, if two implants of the same size and design (one with XLPE and one with conventional PE) were in patients with similar kinematics, we could compare the resulting deformation of the PE materials alone. In the current study, we matched in size and design conventional PE and XLPE retrievals and found greater deformation on the XLPE surfaces.
XLPE is less creep-resistant than conventional PE [19] , and knee simulator tests found XLPE inserts deformed more than conventional PE inserts [22] . The lower crystallinity and hence lower creep resistance results from crosslinking and subsequent remelting [13, 17, 28] . In contrast, Kurtz et al. [17] described an increase in crystallinity when annealing PE below its melting point after irradiation, but in our study, the 3-D comparisons of XLPE and conventional PE only involved remelted XLPE inserts. Most of the deformation occurs early after implantation on ultrahigh-molecular-weight PE bearing surfaces [11, 18, 19] , consistent with our finding of linear correlations between LOI and volume change in the XLPE and conventional PE inserts (Fig. 5 ). The resulting larger contact area in XLPE TKA inserts attributable to the reduced creep resistance may correlate to reduced stresses on the surface of the XLPE (compared with what would occur on a conventional PE surface). However, whether this increased deformation leads to a meaningful clinical advantage is unclear.
Approaches other than laser scanning exist to assess PE wear. For example, knee simulator studies use gravimetric methods to measure the amount of PE worn from the articulating surfaces [12, 22, 33, 34] . Of course this approach cannot be applied to retrieved implants because the original weights of the implants are unknown and the implants may show added weight through embedded thirdbody particles. Clinically, wear can be determined from serial radiographs by measuring the penetrating depth of the opposing metallic implant into the polyethylene surface. Although not as widely adapted for knee arthroplasty as for hip arthroplasty, the technique has been used to measure wear rates as a function of polyethylene sterilization techniques [7] and to predict TKA failure [9] . Of course the technique relies on the availability of high-quality, serial radiographs, which were unavailable for our study. To our knowledge, this is the first matched-pair study investigating the differences between XLPE and conventional PE inserts. This large short-term revision retrieval study demonstrated only minor differences in accumulated surface damage and dimensional changes between matched groups of highly crosslinked and conventional PE TKA inserts of the same designs. The lack of meaningful differences between the two PE materials suggests caution in adopting a new, more expensive bearing material over another material that has a long track record of excellent behavior. Long-term clinical and longer-term retrieval studies will be necessary to elucidate any clinical advantages of using XLPE tibial components.
